Introduction
Emerging evidence suggests that aging is associated with a decline in cognitive function, with impaired attention span, memory deficit, poor executive function and judgment, while language ability is spared [1] . The hippocampus is intimately associated with cognitive function and is also important in memory and emotion [2, 3] .
Changes in metabolites precede neuron loss and neural dysfunction in neurodegenerative diseases such as Alzheimer's disease (AD) and cause changes in the peaks of metabolites and the area under the peak in magnetic resonance spectroscopy (MRS), which has better sensitivity than magnetic resonance imaging (MRI) in delineating changes in metabolites, allowing early detection of diseases [4, 5] . Aging is typically associated with a series of morphological changes in the brain such as cortical thinning and narrowing of the sulci [6] , but the aging person exhibits no or mild changes in cognitive function. Several investigators have documented changes in the contents of metabolites such as N-acetylaspartylglutamate (NAA) in the hypothalamus [7] [8] [9] . However, these studies typically involved very few subjects and have so far yielded conflicting results. Reyngoudt et al. [10] demonstrated that the NAA content of the hypothalamus did not change with age, while Chiu et al. [11] found that the NAA content of the left hippocampus positively correlated with age.
In the current investigation, we aimed to characterize the contents of certain metabolites including choline (Cho), creatine (Cr), and total NAA in the head, body and tail of the hippocampus in healthy volunteers by proton magnetic resonance spectroscopy ( 1 H-MRS) and study whether the contents of these metabolites and the ratio of NAA to Cho (NAA/Cho) and Cho to Cr (Cho/Cr) in the hippocampus correlated with age, gender and laterality.
Material and methods

Subjects
We recruited 121 healthy volunteers between October 2013 and December 2013, including 62 males and 59 females, aged between 20 and 89 years (mean age: 48.7 ±16.5 years) ( Table I ). The subjects were categorized into the young age group (20-39 years), the middle age group (40-59 years), and the old age group (60-89 years). The study protocol was approved by the institutional review board at the authors' affiliated institution. The inclusion criteria were as follows: (1) right handedness, (2) the Mini-Mental State Examination (MMSE) score > 27, (3) no nervous system disease or mental illness such as headache, dizziness, lethargy, seizure, or emotional disturbance, (4) no previous cerebral surgery or trauma, no hypertension (> 140/90 mm Hg in those aged 60 years and above), diabetes, heart diseases or other chronic diseases, (5) no alcoholism, smoking, long-term medication, or drug addiction, (6) no contraindication for MRI, such as cardiac pacemaker, nerve stimulator, metal artery clip, or metal false tooth, (7) no history of seizure, convulsion, cerebritis or meningitis, (8) no history of cerebral hypoxia, carbon monoxide or other toxin poisoning, (9) no abnormality on conventional cerebral MRI, and no vacuolation or abnormal signal in the hippocampus, and (10) no severe artifacts or unsatisfactory imaging after data processing.
Cerebral MRI
All subjects received conventional cerebral T1WI/T2WI/FLAIR and the hippocampus received long axis T2WI and 2D-point-resolved spectroscopy sequence (PRESS)-144. Conventional MRI was performed with the Achieva 3.0T system (Philippe) using an 8-channel head coil and included axial T1WI, axial and sagittal T2WI, and axial T2FLAIR. The main parameters were as follows: axial T1WI: TSE sequence: TR, 3056 ms; TE, 7.6 ms; TI, 860 ms; axial T2WI: TSE sequence: TR, 2000 ms; TE, 80 ms; axial T2FLAIR: TR, 10002 ms; TE, 130.4 ms; TI, 2400 ms. 
H-MRS imaging
The patient was placed in the supine and lateral position and kept immobile. For sagittal T2W, a long axial scan was carried out by the long axis of the hippocampus with the following parameters: T2WI: TSE sequence: TR, 2000 ms; TE, 80 ms; slice interval, 0 mm; slice thickness, 3 mm. Multi-voxel 2D-PRESS-144 sequence was used. Axial images of the head, body, and tail of the hippocampus were obtained as described by Malykhin et al. [12] , and a modified segmentation method was used to obtain the best visualization plane with the coronal oblique plane perpendicular to the long axis of the hippocampus, and MRS of the left and right hippocampus was performed (Figure 1) . Interfering tissues such as the skull, blood vessels, fat, dura matter and the cerebrospinal fluid were avoided. Scan parameters: TR 2000 ms, TE 144 ms, voxel size: 10 × 10 mm, slice thickness: 10 mm, matrix: 2 × 4, and FOV: 20 × 40 mm. The receiver/transmitter gain adjustment, voxel shim- 
Image processing
Raw MRS data were entered into the EWS workstation (Philippe) and analyzed using the unsuppressed water as an internal reference to calculate the concentrations of metabolites. The raw spectra underwent Gauss exponential multiplication, zero fill, Fourier transformation, frequency correction, phase correction, and baseline correction to obtain the corresponding MRS spectra (Figure 2) . Single peak analysis was carried out, and the area under the peak for each metabolite was recorded, and the concentrations of Cho, Cr, and total NAA and NAA/Cho and Cho/Cr were calculated for analysis. 
Statistical analysis
All data were normally distributed and expressed as mean ± SD. Statistical analyses were performed using SPSS for Windows (version 13.0, SPSS Inc, Chicago, IL, USA). Parameters included NAA, Cho, Cr, and the ratio of NAA/Cr and Cho/ Cr. To compare all metabolites in the hippocampal regions among the young age group, middle age group and the old age group, an ANOVA with planned comparisons was performed. The nature of this study is exploratory, and therefore in order to prevent inflation of type II errors and avoid important results going unreported, no correction for multiple testing was performed, as is accepted practice in such types of study. We used the least significant difference (LSD) t test to compare all metabolites in the hippocampal regions between two groups. A group t test was used to compare differences in metabolites in the same region of the hippocampus between male and female subjects, and a paired t test was used to compare differences in metabolites due to laterality of the hippocampal region, with post hoc testing. We performed Pearson correlation analysis to examine the relationship between metabolite concentrations and age. P-values less than 0.05 were considered statistically significant.
Results
Elderly subjects exhibit significant decline in NAA content in the bilateral hippocampi
We examined the function of the bilateral hippocampi by 1 H-MRS imaging. The concentration of NAA in the bilateral hippocampal head, regions 1 and 2 of the hippocampal body and the hippocampal tail was markedly lower in the old age group than in the young age group and the middle age group (LSD test: p < 0.05 in all) (Table II) . By contrast, no significant difference was noted in NAA content in these hippocampal regions between the young age group and the middle age group (LSD test: p > 0.05). Furthermore, the concentration of Cho and Cr in the bilateral hippocampal head, regions 1 and 2 of the hippocampal body and the hippocampal tail was comparable among the old age group, the young age group and the middle age group (LSD test: p > 0.05 in all) (Table II) . We further examined the ratio of NAA to Cr of the bilateral hippocampi. We found that NAA/Cr in the bilateral hippocampi head, region 1 of the bilateral hippocampal body and region 2 of the left hippocampal body and the left hippocampal tail in the old age group was significantly higher than in the young and middle age group (p < 0.05 in all), while NAA/Cr in the bilateral hippocampi head, region 2 of the right hippocampal body, and the right hippocampal tail was comparable among the old age group, the young age group and the middle age group (p > 0.05 in all). Moreover, Cho/Cr was comparable in all the regions of the bilateral hippocampi examined among the old age group, the young age group and the middle age group (p > 0.05 in all).
NAA content in the hippocampus negatively correlates with age
Pearson correlation analysis showed that the NAA content in the bilateral hippocampal head, body (regions 1 and 2), and tail negatively correlated with age ( Figure 3) . By contrast, the Cho and Cr content in the bilateral hippocampal head, body (regions 1 and 2), and tail showed no correlation with age (Figures 4 and 5) .
NAA, Cho and Cr contents exhibit laterality in the hippocampal body and tail
We further examined whether the NAA, Cho and Cr contents in the bilateral hippocampi exhibited laterality. The paired t test showed no statistically significant difference in the contents of NAA, Cho, and Cr, and NAA/Cr and Cho/Cr in the left and right hippocampal head (p > 0.05 in all) (Table III) . On the other hand, the NAA, Cho and Cr contents in regions 1 and 2 of the hippocampal body and the hippocampal tail were significantly higher in the right hippocampal body than the left hippocampal body (p < 0.05 in all) even though no laterality was demonstrated in NAA/Cr and Cho/ Cr in the hippocampal body and tail (p > 0.05).
NAA, Cho and Cr contents in the hippocampus do not correlate with gender
We additionally investigated whether the NAA, Cho and Cr contents of the bilateral hippocampi correlated with gender of the study subjects. The paired t test revealed that the NAA, Cho and Cr contents of the bilateral hippocampi showed no statistically significant difference in the study participants of different genders (Table IV) 
Discussion
The hippocampus plays a critical role in cognitive function and memory [13] , and impairment of the hippocampus leads to cognitive function decline and memory deficits, especially in patients with neurodegenerative diseases.
1 H-MRS is a sensitive method in detecting early signs of functional changes of the brain by measuring changes in certain metabolites. Here, we demonstrated that elderly subjects exhibited significant decline in the NAA content in the bilateral hippocampi compared with younger persons. We further found that the NAA content in the head, body and tail of the bilateral hippocampi negatively correlated with age, showing a significant decline with increased age, which is consistent with the findings of others [7] [8] [9] . Previous studies have shown that memory is intimately associated with the plasticity of neuronal synapses in the hippocampus and decline in cognitive function directly correlates with loss of synapses [14, 15] , which has been well documented in the aging hippocampus. Neurofibrillary tangles and senile plaques are present in the aging hippocampus [6, 13] . Neurofibrillary tangles are most noticeable in the frontal lobe and the hippocampal body, especially the CAI region. In patients with AD, neurofibrillary tangles and senile plaques are more apparent in the hippocampus. Senile plaques and neurofibrillary tangles cause destruction of synapses, leading to a decline in cognitive function. NAA is mainly present in neurons, and its content correlates with neuron maturation and number. Though aging has been found to be associated with neuron loss, it remains inconclusive whether aging leads to a decline in NAA contents on MRS. Reyngoudt et al. [10] found that the NAA content did not change with age, while Chiu et al. [11] showed that the NAA content of the left hippocampus positively correlated with age. The current study, on the other hand, demonstrated a significant decline in the NAA content in the bilateral hippocampi of elderly subjects compared with younger persons. Our study enrolled a much larger number of subjects than the studies by Reyngoudt et al. and Chiu et al. and therefore should carry more weight. The significant decline in the NAA content of the bilateral hippocampal head, body and tail in elderly subjects suggests a marked reduction in the number of neurons or synapses in the hippocampus of these aging persons. Cho is present in neurons and glial cells. Cho content can reflect membrane stability and glial proliferation. We found that the Cho content of the hippocampus did not change with age, which is consistent with those findings reported by other investigators [10, 16, 17] , indicating that there is no apparent proliferation or degradation of glial cells in the hippocampus as a person ages. Cr is mainly present in glial cells and reflects the sum of creatine and phosphocreatine in the brain. Previous studies have shown that Cr levels remain steady under different metabolic conditions of the brain. We also found that the Cr content in the bilateral hippocampus did not change with age, suggesting that there was no significant glial cell proliferation during aging. However, some recent studies indicate [18, 19] that the Cr content in the cortex of the frontal lobe and parietal lobe increases with age; therefore, one should be cautious when using Cr as an internal reference for NMR study. Furthermore, we found that NAA/Cr of the bilateral hippocampal head was significantly lower in the old age group than the young and middle age group. A statistically significant difference was also observed in NAA/Cr in the bilateral hippocampal body (region 1), left hippocampal body (region 2), and left hippocampus tail between the old age group and young age group, which is partially consistent with MRS studies on the whole hippocampus by other investigators [20, 21] .
Brain asymmetry exists both anatomically and functionally [22] [23] [24] . Few studies have addressed the issue whether the left hippocampus is dominant over the right hippocampus or vice versa. Klur et al. [25] demonstrated that the left hippocampus is dominant in coding and information transmission while the right hippocampus is dominant in memory compensation. Kessels et al. [26] reported that patients who received frontal or temporal lobectomy and sustained injury to the right hippocampus exhibited poorer spatial memory compared with those who sustained injury to the left hippocampus. Recently, several investigators [27] [28] [29] [30] [31] [32] have reported that seizure patients who received temporal lobectomy exhibited lateralization of function of the hippocampus such as spatial memory. However, it remains unknown whether laterality of the hippocampal function is associated with changes in metabolite contents. In the current study, we demonstrated lateralization in NAA, Cho and Cr contents in the hippocampal body and tail while no difference was noted in NAA/Cr and Cho/Cr. The higher NAA content in the right hippocampal body and tail suggests a higher number of neurons or synapses in the right hippocampal body and tail than their left counterparts, which may contribute to lateralization of function of the hippocampus. Our findings also suggest that when we evaluate the metabolite contents of the hippocampus, we should take laterality into consideration.
In conclusion, the current study demonstrates by MRS a significant decline in the NAA content of the hippocampal head, body and tail of elderly subjects compared with younger persons, and the NAA content of the hippocampus negatively correlates with age. Furthermore, the NAA, Cho and Cr contents exhibit laterality in the hippocampal body and tail. Our findings provide insight into changes in certain metabolites in the hippocampus during aging, and future studies should be carried out to further delineate changes in metabolites during aging and development of neurodegenerative diseases in order to provide useful data for making informed therapeutic decisions for patients with neurodegenerative diseases.
